Millimeter-wave (mm-wave) spectrum unravels the humongous and accelerating demand for wireless data rates and, therefore, it will be a fundamental ingredient of the fifthgeneration (5G) wireless technology. In case of mm-wave access links, humans are the most noticeable blockers of electromagnetic waves from access points to mobile stations and hence cause temporal variation in the radio channel. This article presents human blockage measurements in the anechoic chamber at 15, 28, and 60 GHz frequencies employing 15 human subjects of different sizes and weights. An effective 3-D human blockage model as a double-truncated multiple knife-edge (DTMKE) scheme is also proposed. By calculating diffraction from the DTMKE, the frequency, body orientation, and antenna height dependence of the blockage are most accurately reproduced compared to the existing models, such as absorbing double knife-edge model and third-generation partnership project (3GPP) human blockage model. The results demonstrate that the losses are proportional to the cross section of the human body with respect to the radio link. Furthermore, the blockage loss decreases as the height of the transmitting antenna increases.
I. INTRODUCTION
W IRELESS data traffic has been increasing at an enormous rate every year, and this tendency is expected to grow over the next decade with the high data rate video streaming applications and the Internet-of-Things (IoT) [1] . To meet this challenging demand, there is rapid development of the fifth-generation (5G) cellular technology that will employ the millimeter-wave (mm-wave) frequency spectrum rendering several gigabit-per-second (Gbps) data rates to user devices [2] , [3] . Although there is a phenomenal bandwidth available at the mm-wave spectrum, it poses unique challenges for wireless communication systems [4] . This necessitates the development of suitable channel models at mm-wave frequencies where the propagation characteristics are not only influenced by large objects such as buildings but also susceptible to much smaller obstacles such as cars, lampposts, The authors are with the Department of Electronics and Nanoengineering, School of Electrical Engineering, Aalto University, FI-00076 Espoo, Finland (e-mail: usman.virk@aalto.fi; katsuyuki.haneda@aalto.fi).
Color versions of one or more of the figures in this article are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TAP. 2019.2948499 and humans. With the vision of deploying mm-wave wireless systems mainly in urban open squares, streets, and indoors, the third-generation partnership project (3GPP) considers humans as one of the main obstacles affecting the mm-wave propagation and has, thus, included a blockage model into TR−38.901 of Release 14 [5] . Moving human bodies blocking mm-wave access links cause temporal variations in the radio channel [6] . Most human blockage models available in the literature [7] - [22] are physically articulate and evaluate the human blockage loss by considering body shape, dimension and material. These models provide reasonable accuracy at the cost of increased complexity in terms of geometrical description of the human body and computations. However, these models are not thoroughly validated for frequency, body size, orientation, and antenna height dependence of the human blockage through measurements. A quantitative comparison of various existent human blockage models led us to investigate a more robust yet simple model for human blockage at mm-wave frequencies.
Our robust and simple model is the main scientific merit.
The key contributions of this article are threefold.
1) We present a detailed literature survey reviewing existing human blockage models and their quantitative comparison. 2) We report human blockage loss through anechoic chamber measurements at 15, 28, and 60 GHz employing 15 human subjects of different sizes and weights at each frequency band. 3) We propose a novel and simple yet an efficient 3-D human blockage model, called double-truncated multiple knifeedge (DTMKE) model, that reproduces measured human body losses of the radio wave for various orientations of the body and heights of antennas that illuminate the body.
The remainder of this article is organized in the following four sections: Section II provides a comprehensive literature review of available human blockage models and proposes a new efficient 3-D human blockage model for mm-wave frequencies. Section III presents mm-wave human blockage measurements performed in the anechoic chamber at 15, 28 and 60 GHz with 15 human subjects of different sizes. Section IV compares the existing blockage models quantitatively for different body orientations and heights, and validates the proposed model with human blockage measurements to demonstrate its applicability. Finally, this article is summarized and concluded in Section V.
II. HUMAN BLOCKAGE MODELS
The available human blockage models typically define a blocking object through its shape and material. The blockage loss is determined by simple mathematical formulae, most of which are motivated by the diffraction of plane waves around blocking objects. The models are physically valid, while their parameters such as shape, dimension, and material are statistically defined and determined to reproduce realistic losses. The major task of modeling human blockage is, therefore, to choose reasonable properties of the blocking objects. This section covers a review of available human blockage models that consider different shapes and material properties of the blocking objects for estimating the losses. The detailed mathematical description of these models is given in Appendixes A-F. A similar survey comparing some popular human blockage models is available in [9] but covers only the distance-dependent human shadowing for frequencies up to 30 GHz. Hence, we complement this article by providing further insights into the body orientation and antenna height dependence of human blockage, which are the essential features when applying the model for cellular mobile access links.
A. Absorbing Screen Models

1) Double Knife-Edge Diffraction (DKED) Model:
The human body is popularly modeled as an absorbing screen where its shape is a vertically infinitesimal strip and is known as DKED model [10] . It is possible to obtain reasonable estimates of the receive (RX) field across the body using DKED model where the diffracted fields from the two vertical sides of the screen are considered and is mathematically illustrated in Appendix A. Thanks to its simplicity, the DKED model of a human body is also used in estimating link attenuation when multiple human bodies block a propagation path [11] , [12] . When absorbing screen is considered, the diffraction is independent of the polarization states of the incident field. For evaluating the human blockage attenuation more accurately, [13] modifies the DKED to account for the transmit (TX) and RX antenna radiation patterns.
2) Multiple Knife-Edge Diffraction (MKED) Model: Contrary to the DKED models where the human body is treated as a single infinitesimally long absorbing strip along the z-axis, more complex human body blockage models account for not only the human torso but also shoulders and head [14] - [16] and are generally referred as MKED models. These are also absorbing screen models and considers diffraction from each edge of the absorbing screen to estimate the total blockage loss. Furthermore, the orientation of the human body leads to a variation in the human blockage loss; [14] characterizes the human blockage by assuming two vertical absorbing strips with the single-side truncation at the top of the strip resembling human head. The two strips intersect orthogonally and represent the width and thickness of a human body. Depending on the orientation of the two intersecting strips, only one of the two strips with the larger cross section seen from the TX-RX link is used for calculating the diffracted paths. A diffracted path from the top edge of the strip is considered in addition to the diffracted paths from the sides, leading to what is conveniently referred here as the single-truncated multiple knife-edge (STMKE) diffraction model, which is mathematically and visually illustrated in Appendix B.
The MKED models provide better agreement with measurements when the orientation of a human body is arbitrary and when mobile and base station antennas heights are different. They are important features in cellular mobile links and are realized with increased complexity of the model.
B. Conducting Screen and Wedge Models
This article [15] calculates the diffraction coefficients from each edge of a finitely conducting screen by assuming that each edge is a wedge with a zero wedge angle. In comparison with the MKED model, this model does not consider the screen as absorbing but rather as conducting or insulating. The uniform theory of diffraction (UTD) is employed for deriving the RX field [23] and is mathematically described in Appendix C. The diffraction coefficient from a finitely conducting wedge is also applicable to other types of shadowing objects than human bodies, e.g., building corners [24] .
C. Cylinder Models
Human blockage models based on cylinders have also been popularly considered in the literature [7] , [8] , [18] - [20] . When a cylinder is circular in its cross section and is a perfect electric conductor (PEC), closed-form polarimetric diffracted fields from the cylinder can be derived based on the geometrical theory of diffraction (GTD) [25] and is given in Appendix D.
Reference [18] also analyzed the effect of clothing on blockage loss and infers that clothing may influence the blockage loss under certain conditions and is sensitive to the thickness of clothing layer. Since cylinder gives the blockage loss independent of the orientation of a human body, a further improvement is considered by modeling the human body as an elliptical cylinder, which is mathematically explained in Appendix E. The solutions are for normal incidence of a plane wave to a cylinder, making it possible to analyze the scattering problem in 2-D space. When the scattering problem extends to 3-D as oblique incidence of a plane wave to consider, e.g., scenarios with different heights of TX and RX antennas, closed form solutions of the scattering field do not exist. It is necessary to rely on a numerical electromagnetic (EM) field solver [17] and more extensive numerical integration [21] in this case.
D. Other Heuristic Models
The human blockage models discussed so far estimate the blockage loss by determining the diffracted fields across the blocking objects. Analytical formulae are available for calculating the diffracted fields, either based on the GTD or UTD solutions for simple objects such as absorbing screens, conducting edges, and PEC cylinders. These formulae involve Fresnel integral (see (4) in Appendix A), which can be calculated using built-in functions available in many computational tools. However, they may still be considered too complex to implement in extensive radio network simulations. Alternatively, heuristic models are devised to simplify the GTD and UTD solutions with further approximations of the involved formulae or observations and modeling of measurements. 
1) Measurement-Based Models:
Measurement-based models at mm-wave frequencies include, for example [26] , that characterizes signal level attenuation due to human shadowing observed at short-range 60 GHz radio links using a Gaussian distribution. The work in [20] proposes a piecewise linear approximation of time-varying shadowing at 60 GHz due to human blockage. The approximation consists of a decreasing slope, shadowing dip, and increasing slope of the received field strength as time goes during a human blockage event. The work in [27] models the transit rapid fading due to human blockage in pedestrian crowds via Markov process based on measurements in a dense urban environment at 73.5 GHz. This article excludes measurement-based models for further analysis as it is difficult to integrate them into link geometry.
2) 3GPP/mmMagic Model: A simplified GTD-based blockage model is proposed in the European Union H2020-5GPPP project mmMagic [22] , which is the improvement of the blockage model adopted by 3GPP TR−38.901 of Release 14 [5] . We classify this as a heuristic model since the formulae to predict the losses include approximations that do not follow physical intuition of the wave propagation. The detailed description of the model is given in Appendix F.
E. Proposed DTMKE Model
We propose the DTMKE human blockage model that considers the human body as a 3-D screen, as illustrated in Fig. 1 . DTMKE is based on the knife-edge diffraction from an absorbing screen. It is the improved STMKE model which is physically more intuitive as it considers an additional diffracting path between the legs of a human body, i.e., the bottom of the screen. In this model, the blockage loss is evaluated as the contribution of four diffracting paths from the screen, i.e., the top, two sides, and bottom. The field at the RX is, thus, given as
where E i refers to the diffracting field corresponding to the i th edge of the screen with 1 ≤ i ≤ 4; d is the propagation distance of the diffracting path in excess to the line-of-sight (LOS) path; c is the speed of light, and f is the center radio frequency (RF). The field E in (1) is calculated from the knife-edge diffraction through the set of mathematical expressions (3)-(6) of the Appendix A. The blockage loss is governed by the Fresnel-Kirchhoff parameter ν in (5), which physically represents the clearance height between the obstacle and LOS path multiplied by the frequency-dependent scalar. The clearance height is a function of the heights of screen, TX and RX. Evidently, as the TX height increases, the blockage loss decreases and vice versa. Furthermore, it is necessary to consider the first Fresnel zone of the blocked path in relation to the cross section of the blocking object to understand the extent of blockage loss. Majority of the EM wave energy is conveyed through the first Fresnel zone, and its cross section becomes smaller as the frequency becomes higher. In the screen model of the human body, the screen in different azimuth orientations has varying effective widths with respect to the LOS path. Therefore, the blockage loss varies over azimuth orientations of the screen.
III. mm-WAVE HUMAN BLOCKAGE MEASUREMENTS
A. Experimental Setup
A vector network analyzer (VNA)-based measurement setup is employed for evaluating human blockage loss in a large anechoic chamber at three RF bands, i.e., 15, 28, and 60 GHz. The setup is depicted in Fig. 2 , where VNA is the central data acquisition component that measures the amplitude and phase of the received signal as the complex channel transfer function between TX and RX sides. The blockage measurements at 28 and 60 GHz are performed by mixing the VNA signals with the local oscillator (LO) signals using frequency upconverter (FUC) and down-converters (FDC). The experimental setup provide a varying dynamic range at each RF, i.e., 70-85 dB, from the highest to the lowest frequency bands. Omni-directional bicone and sectoral horn antennas are used at the TX and RX sides, respectively. The TX and RX antennas used at the three measured frequency bands have similar gains and half-power beam widths (HPBWs). The measurement parameters along with the specifications of the TX and RX antennas are summarized in Table I .
In order to estimate the blockage loss, the measured channel with a human subject H S ( f i ) is calibrated by a free-space reference measurement without the human subject H C ( f i ) 
Finally, the delay-gating is applied to isolate the signal component subject to human blockage from the unwanted reflections due to antenna mismatch and those originating from the environment. The human blockage loss L HB is obtained as
where 1 ≤ n ≤ N are indices of the CIR snapshots in a single body blockage measurement; N = 80 in this article and are averaged for reducing the noise level and small-scale fading effects. At 60 GHz where the wavelength is merely 5 mm, the measurements become more susceptible to small-scale fading effect and even a small movement of human subject may cause significant fluctuation of the received signal; w g refers to the width of the delay-gating window and its value is chosen as 1.4 ns comparable to the average width of the measured human bodies; and τ 0 is the delay corresponding to the TX-RX separation or the LOS distance around which the peak is searched over the range of 2w g . The peak search constraint in (2) is required to accurately isolate the main blockage path because: 1) the peak corresponding to it does not always appear at h(τ 0 ) and maybe slightly shifted due to measurement uncertainty and 2) a strong diffracted path from the human body may appear in proximity of the LOS path. For the given RF bandwidths, a fine delay and spatial resolution of 0.5 ns and 15 cm are available at 15 GHz, while 0.33 ns and 10 cm are available at 28 and 60 GHz, respectively.
B. Measurement Scenarios
We evaluated the effect of human body orientation and height of TX antenna on human blockage, as illustrated Fig. 2 . The TX and RX antennas were separated by 5.34 m with a base height of 1.87 m above the floor of the anechoic chamber. The human subjects were located at the midpoint of the TX and RX antennas separation, which is the far-field region for the antennas at each frequency band, i.e., 2D 2 /λ, where D is the maximum dimension of the antenna and λ is the wavelength. Furthermore, the human subjects were elevated from the ground with the aid of a 0.72 m high stool so that the LOS path is always blocked by the torso irrespective of the height of the human subjects. The human subjects are first rotated at different azimuth angles with respect to the LOS path in steps of 45 • . The 0 • or 180 • represents the human body facing the TX or RX antenna, respectively, as shown in Fig. 2 . TX and RX antennas were kept at the base height in the first measurements. In the second measurements, the human subject is kept at 0 • position facing the TX antenna, while the TX is elevated from the base height of 1.87-3.07 m in steps of 0.15 m, as illustrated in Fig. 2 .
Since the main propagation mechanisms of EM waves around the human body are diffraction at mm-waves, it is expected that the size and tissue contents of human body are the contributing factors in the blockage loss. Therefore, we considered 15 human subjects of different size and weight resulting in different body mass indexes (BMIs) for evaluating human blockage loss at each frequency band. The parameters of human subjects are given in Table II. IV. RESULTS AND DISCUSSION Section II presented various existing human blockage models and our proposed DTMKE model. Herein, we first briefly compare these models with measurements discussed in Section III to demonstrate the robustness of our model. The human blockage loss (L HB ) in Figs. 3, 4 , and 6 is the median loss over all the 15 measured human subjects. We determine the relative height of the human subject with respect to the LOS path, also called as the LOS path-clearance,
where h b is the absolute height of the human subject, h s is the height of the stool, h TX and h RX are the antenna heights, d is the TX-RX antenna separation, and d 2 is the distance between the RX antenna and the human subject; h is used in (4) of Appendix A. Fig. 3 shows the median blockage loss over 15 human subjects estimated from different models covered in Section II and examined contrary to the measurements. The comparison is made for various azimuth orientations of a human body at three different RFs, i.e., 15, 28, and 60 GHz. The blockage loss is evaluated using physical parameters affecting the losses including TX-body-RX distance, TX and RX antenna heights, and the height and width of the human body. An average body thickness of 0.2 m is considered in the elliptic cylinder and STMKE models, and otherwise only the width is adopted to define the dimension of absorbing screens and circular cylinder. The azimuth orientation angle is defined such that the cross section of a human body is largest at 0 • and 180 • because the human faces either the TX or RX, while 90 • orientation corresponds to the human body parallel to the TX-RX link, as consistent with the coordinate system of the measurements. The curves labeled with "Conducting screen" are derived according to Appendix C for a PEC screen of the specified dimension. All the curves are for vertically polarized fields. Since measurements were conducted in anechoic chamber, it is safely assumed that significant reflections from the surrounding environment do not exist for these models. It is noteworthy in Fig. 3 that "Cylinder" models are 2-D, while the rest are 3-D models. The blockage loss curves in Fig. 3 exemplifies that losses are proportional to the cross section of the human body with respect to the link. The 2-D models may underestimate blockage loss for some azimuth orientations of the body. For instance, in Fig. 3(a) , the circular cylinder model, being a coarse approximation of the human body and symmetric in all azimuth orientations, exhibits smaller loss at 45 • compared to some of the 3-D counterparts. The STMKE model, in general, offers more losses than the DTMKE model as it has a larger cross section of the blocking object compared to the DTMKE. It is evident from Fig. 3 that DTMKE outperforms all other models at the three mm-wave frequency bands. To further illustrate the performance of the proposed DTMKE model, Fig. 4 shows an exemplary contrast of the 3-D models including 3GPP/mmMagic, STKED, and DTMKE with measurements at 15 GHz for the varying TX height. We observe in Fig. 4 that the blockage loss decreases with the increase in TX height. Note that the DTMKE model at 28 and 60 GHz is also the best among the tested models though we do not show the results here due to space constraints. These results substantiate that our proposed model DTMKE accurately reproduces the frequency, body orientation, and antenna height dependence of L HB and outperforms the existing models.
A. Comparison of Models
B. Validation of the Proposed DTMKE Model
For exemplifying the measured and DTMKE-predicted L HB for a single human, we consider human subjects "F" and "K" that are consistently available in the three measured frequency bands and have maximum and minimum body widths (w b ) and heights (h b ), respectively, as given in Table I . Fig. 5(a) correlates L HB between measurements and DTMKE for the widest "F" and thinnest "K" human subjects at 60 GHz for different body orientations. With the given geometry of the experimental setup, the width of the first Fresnel zone of the LOS link is 32.7 cm, 23.9 cm, and 16.3 cm at 15, 28, and 60 GHz, respectively. The w b corresponding to "K" is 41 cm, which is greater than the size of first Fresnel zone at 15 GHz. This implies that all the human subjects used in this article completely blocked the first Fresnel zone at the given frequency bands. It is observed that the increasing w b leads to greater L HB , and hence, it is one of the key parameters in defining the human blockage. Fig. 5(b) illustrates the measured and estimated L HB using DTMKE at different TX heights for the tallest "F" and shortest "K" human subjects facing the TX antenna perpendicular to the LOS path, i.e., 0 • . It can be seen that "F" causes more blockage loss compared to "K" at almost all the TX antenna heights as LOS exists without blockage. This suggests that the h b is also key parameter that governs the effect of human blockage when TX height is varied. Fig. 6 analyzes the median L HB over all the measured human subjects for the body orientation and TX height scenarios at the given frequency bands. In Fig. 6(a) , we see that L HB increases with the increase in frequency and is on average 7-10 dB more at 60 GHz than at 15 GHz. The oblique orientation of the body to the TX-RX link tends to result in slightly greater L HB compared to the cases where the human body is either parallel (90 • ) or perpendicular to the LOS path (0 • ). The standard deviations of losses for the body in different azimuth orientations are 1.94, 2.51, and 2.12 at 15, 28, and 60 GHz, respectively. Fig. 6(b) shows that L HB decreases with the increase in TX height, by 10 dB at 15 GHz and 20 dB at 60 GHz between the transmitter height difference of 1.24 m. As long as the LOS path is obstructed, we see a clear difference of the L HB at the three frequency bands. However, the blockage loss is smallest at 60 GHz when the TX antenna is at the highest position because the first Fresnel zone of the link is obviously cleared. The confidential range of antenna heights for which the proposed model performs the best is the range used in the measurements, i.e., TX height from 1.87 to 3.1 m and RX height of 1.87 m at 15, 28, and 60 GHz of the carrier frequency. We also found out that human BMI and L HB do not show meaningful correlation. Our proposed DTMKE model is meant for humans with casual indoor clothing since it agrees meticulously with the measurements that were performed with humans wearing casual indoor clothing.
To quantify the measurement uncertainty, link-blocking measurements with a body pointing to various angles in azimuth were carried out at each frequency band employing the human subject "F" and repeated over a time difference of several hours. The mean standard deviations σ m of the blockage loss for the body in different azimuth orientations are 1.94, 2.31, and 2.75 dB for 15, 28, and 60 GHz, respectively. Furthermore, the mean expanded uncertainties, u e 1 [28] , of the blockage loss at different angles over which the body was rotated are ± 0.79, ± 1.91, and ± 1.97 dB for 15, 28, and 60 GHz, respectively. The expanded uncertainty (u e ) shows the level of confidence of the estimates. Its mean values u e obtained here indicate that the measurement procedure for repeatability is under control. The observed differences of L HB in Figs. 3-6 across body orientations, antenna heights, and frequency are mostly greater than the mean expanded uncertainty and, hence, statistically significant.
V. SUMMARY AND CONCLUSION
Humans are the potential blockers of radio waves between mm-wave access points and mobile stations, thereby leading to temporal variation in the radio channel. This article presented a comprehensive literature survey of the existing human blockage models and their quantitative comparison at 15, 28, and 60 GHz. The human blockage loss is characterized through anechoic chamber measurements with 15 human subjects of different sizes and weights. Finally, a novel 3-D human blockage model based on absorbing and double-truncated MKED is proposed. The proposed model predicts the measured human blockage losses more accurately than the existing models, such as absorbing STMKE and 3GPP/mmMagic models. It was observed that the width, height, and thickness of the human body are the key parameters influencing the human blockage and must be considered in blockage models. The blockage loss increases with the increase in frequency regardless of the human body orientations and is on average 7-10 dB more at 60 GHz than at 15 GHz. For different body orientations, the blockage loss is proportional to the cross section of the human body with respect to the link with standard deviations of 1.94, 2.51, and 2.12 at 15, 28, and 60 GHz, respectively. Furthermore, the human blockage loss decreases as the height of the transmitting antenna increases, by 10 dB at 15 GHz and 20 dB at 60 GHz between the transmitter height difference of 1.24 m. The more noticeable decrease at 60 GHz is due the clearance of the first Fresnel zone of the link as the TX antenna is higher.
APPENDIX
This appendix summarizes the mathematical description of the existing human blockage model for comparison among them and with measurements as shown in Figs. 3-6.
1 u e = Na n=1 ±k(σ/ √ N s ), where σ is the standard deviation, N s =7 is the number of repeatability samples, N a =9 is the number of angles for which the body was rotated, and k =2 is the coverage factor for 95% confidence.
A. Absorbing DKED
Consider a half-plane absorbing screen with TX and RX point sources, as illustrated in Fig. 8(a) . The RX electric field is given by
where E 0 is the RX field when there is no absorbing knife edge; C(ν) and S(ν) are cosine and sine Fresnel integrals given by (7)
The formulae apply regardless of the polarization of the incident waves. The Fresnel integral (4) can be solved numerically using built-in functions of widely available computational software; (4) is subject to the conditions d 1 , d 2 h and d 1 , d 2 λ. The relative field strength at RX across the absorbing screen can be calculated by considering the DKED problem Fig. 7(a) as two sub-problems that consist of half-plane absorbing screens with their diffracting edges corresponding to the sides of a human body. The diffracted field from each sub-problem is solved by (3), where the reference LOS field is given by
where c is velocity of light. The total field at the RX is expressed by the sum of the fields solved from the two subproblems in [10] as
where E A and E B are diffracted fields observed at RX, and
are extra propagation distances of the two diffracted paths compared to the LOS, respectively.
B. Absorbing MKED
When considering diffraction from multiple edges of an absorbing screen, any additional diffraction component is calculated using (3) and added to (7) . For instance, as in the case of STMKE, the RX field is given by Fig. 7(c) . When the orientation of the human body is [14] , and (c) Multiple knife-edge model with head and shoulders [16] . perpendicular to the TX-RX line, i.e., α ∼ ±π/2, the thickness of the human body w b is used instead of h. It is again noted that the diffraction coefficients do not depend on wave polarization because the human body is modeled as absorbing screens.
C. Conducting Screen and Wedge Models
Given the wedge geometry depicted in Fig. 8(b) , the diffracted field is given by
where D is the diffraction coefficient of parallel and perpendicular polarizations. The function F(·) is the Fresnel integral as
and furthermore, in (10) , as shown at the bottom of this page
where n defines the exterior wedge angle to be nπ and N ± are the integers that satisfy the following two equations:
Finally, R ⊥ 0 and R ⊥ n are the polarimetric Fresnel reflection coefficients of a plane wave at 0-and n-face, where incident and reflecting angles are given by φ and nπ − φ, respectively. The possible singularity of the cotangent functions in (9) around the reflection and shadowing boundaries is mitigated through the approximation
with defined by Fig. 9 . (a) Circular [19] and (b) elliptical [29] cylinder models of link blockage.
In this manner, it is possible to take into account realistic conductivity and permittivity of a human body. To improve the estimation of diffracted field from right-angle wedges, [30] proposes a different approximation of the diffraction coefficients using inverse problem theory. It is noteworthy that the wedge diffraction becomes a thin screen when n = 2, allowing us to calculate blockage loss due to finitely conducting screens using (9) .
D. Circular Cylinder Model
Consider a circular cylinder with radius a as shown in Fig. 9(a) . The field observed at point P 2 is given as a combination of the diffracted paths from the two sides of the cylinder, namely
where two propagation paths are of distances τ 1 and τ 2 and attenuated according to a constant n . For the electric field, this constant is given by e n = − q n a Me jπ/6 (19) where q n = −α n denotes the nth root (zero) of the Airy function Ai(·) [31] . Finally, D n and M are given by
where Ai denotes as the derivative of the Airy function [31] , and k = 2π/λ is a wavenumber. It must be noted that the GTD solutions have singularity around the transition region between the lit and shadowed regions. Analytical UTD solutions for a conducting cylinder is limited, e.g., to a thin lossy material coating [32] , and is valid only at sufficiently distant RX locations from the cylinder [33] .
E. Elliptical Cylinder Model
Let us next consider a cylinder with an elliptic cross section. We assume that the center of the ellipse coincides with the z-axis of Cartesian coordinate system [29] . The distance between the two focal points of the ellipse is assumed to be 2h. The elliptical coordinates on the horizontal plane, defined by ξ -η domain as depicted in Fig. 9(b) , have a relationship with the Cartesian x-y coordinate as
In Fig. 9(b) , the locations are expressed on the elliptic coordinate system as, e.g., P(ξ, η). The ellipse representing the human cross section is given by ξ = a. The TX and RX antennas are located at P(ξ 0 , π) and Q(ξ 0 , 0), respectively. Two diffracting rays symmetric to the horizontal axis exist from the TX antenna at P to the RX antenna at Q. The points of tangency where the two rays incident and leave the cylinder are P 1 (a, π − η 0 ), Q 1 (a, η 0 ), P 2 (a, π + η 0 ) and Q 2 (a, −η 0 ). The radial distance from the points of tangency to the Tx and Rx is P P 1 = Q Q 1 = P P 2 = Q Q 2 = ρ. The following derives the total field at the RX E z for vertical polarization. First, the diffracted field at the RX due to the ray P P 1 Q 1 Q is
where η P = π and η Q = 0 are the η coordinates corresponding to the TX and RX locations P and Q, respectively; t 1 denotes the arc length from P 1 to Q 1 and T is the total arc length of the ellipse, A 0 is a constant given by
B n (η) represents the diffraction coefficient B n (η) = π 3/4 2 1/4 6 −2/3 e j π/24 k −1/12 b 1/6 (η)[Ai (q n )] −1 (25) Fig. 10 . Geometry of a link blockage model in [22] . The side and top views of the geometry are depicted at the top-and bottom-right of the figure and are referred as "projections 1 and 2," respectively, in the text.
where q n is the same as used in (20) ; b(η) refers to the radius of the ellipse on the major axis as b(η) = h(cosh a sinh a) −1 (sinh 2 a − sin 2 η + 1) 3/2 . (26) Furthermore, in (23), α(x) is
and τ n is τ n = e j π/3 6 −1/3 q n .
The diffracted field E 2z due to the ray P P 2 Q 2 Q can be evaluated in the same way as E 1z . Now the total diffracted field at the RX as a combination of the diffracted fields from the two sides of the elliptic cylinder is given as E z = E 1z + E 2z .
F. 3GPP/mmMAGIC Model
The geometry of the blocking object is illustrated in Fig. 10 where the side and top views of the geometry shown on the right side of Fig. 10 are named as "projection 1 and 2" hereinafter, respectively. The blocking object is an infinitesimally thin rectangular screen floating in the air and is claimed to be comprehensive enough to simulate different physical objects. The shadowing loss is determined for the screen as
where F i j = 1 2 − 1 π tan −1 ν i j π 2 cos ψ i j (30)
Finally, s i j is a sign parameter, which is 1 if the non-LOS (NLOS) condition is in projection i , while s i j = sgn(D1 i j + D2 i j − D1 ik − D2 ik ) if the LOS condition is in projection i , where k = mod ( j, 2) + 1. It is noteworthy that the multiplication of fields from different sides of the absorbing screen in (29) is an approximation which is not physically intuitive for wave propagation, and hence, we regard this model as heuristic. The term cos ψ i j in F i j accounts for the increase in shadowing loss in the shadowed zone behind the screen. For the large distances relative to the screen, this factor may be neglected. The formulation fulfills the Babinet principle, according to which different shapes of the blocking objects such as a truck [22] may be synthesized by combining multiple screens.
